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1 - ABSTRACT:
Application of Fiber Optics DAS on Completion Design Optimization

Aliou Sylla

Interstage communication during well stimulation reducing the effectivity of the well
completion is known to be a concern in the oil and gas industry. The leading cause of this is fracture
communication due to the presence of natural fractures where the formation is being hydraulically
fractured. In this study, a technique was developed to map natural fractures, on a larger scale,
underground to be able to avoid the high fracture intensity zones when hydraulically fracturing.
This study developed a technique to optimize well completion designs by introducing the ability
of locating natural fractures zones in the formation (Marcellus Shale) which leads to better cluster
efficiency, the minimization of clusters merging, and the absence of fracture communication.
The MSEEL well pads, MIP and Boggess, were equipped with fiber optic cables that
provides data such as DAS (Distributed Acoustic Sensing), DTS (Distributed Temperature
Sensing), and Slow Strain data. Additional data were generated such as the formation
geomechanical properties (brittleness and fracability) as well as the completion reports (injection
pressure, fluids concentrations). Basically, the approach used in this study was to integrate the
completion designs of the boggess pad wells with the generated resistivity image logs, to identify
the fracture intensity. Furthermore, the fiber optic DAS data was used to determine the cluster
efficiency for each stage, while the fiber optic slow strain was mapped to identify the locations
and times of the fracture hits from the treatment well (Boggess 5H) onto the monitoring well
(Boggess 1H).
At first, the fracture intensity was plotted with respect to depth in order to locate the high
fracture intensity zones in the formation. Secondly, the fiber optic slow strain was used to
determine the time and depth of the frac hits. Following that was the generation of the cluster
efficiency log to identify, on each stage, the clusters with the highest and lowest energy. Knowing
that boggess 5H and 1H are spaced by 1500ft, it was found that the depth of the frac hit on the
treatment well 5H was different from where the monitoring well detected the same frac hit. In
stage 13 for instance, well 5H shows a frac hit at a depth of 16,762ft while the well 1H shows the
hit at a depth of 16,820ft, showing that this was not a 1:1 correlation. It was also observed that the
clusters with the lowest energy received were located in high fracture intensity zones and vice
versa.
This study developed a data derivative technique that allows for the localization of natural
fractures, which can lead the engineers to avoid perforations in the high fracture intensity zones.
The older techniques for mapping would only locate natural fractures around the wellbore, while
this technique incorporates mapping on a larger (pad) scale. Actual data such as fracture intensity
and slow strain were used in this study for the natural fracture mapping rather than hypotheses and
statistical analyses used by the older techniques. Seeing that this process worked on the example
case shown in this report, the technique will be applied on the remaining scenarios (9H-5H, 9H1H). Thus, this newly developed technique optimizes the completion design and helps avoid any
detrimental impacts such as frac hits on nearby wells.
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2 - Introduction:
Optimized hydrocarbon productivity rests on the ability to evenly hydraulically stimulate
and create complex extensive and highly connected fracture networks that remain open during
production. Achieving multiple robust and consistent hydraulic fracture networks along laterals
are a prerequisite for optimized stimulation design and maximized conductive reservoir volume.
Conventionally, there are three (3) different types of completion design techniques such as
geometric design, engineering or geomechanical design, and a hybrid design which is a
combination of geometric and engineering design. The different completion design techniques
have been applied to both the MIP and Boggess pads. For instance, the hybrid completion
technique was applied to the MIP pad, where MIP 3H was divided into sections to apply the various
types of techniques varying between sections A through E. Sections A and B contained Stages 1
to 12 and used standard geometric spacing. Sections C to E contained Stages 13 to 28 used
“engineered” stage designs some of which used a proprietary fluid system (Hull et al. 2020). For
the boggess pad, some of the wells were completed using the geometric design technique, while
the others used the geomechanical technique (Figure 1).
During this research, it has been shown that the fracture intensity (i.e., number of fractures
and their direction per unit volume) has a significant impact on completion design efficiency of
the well. Placing the clusters away from high fracture intensity zones lead to more uniform
hydraulic fractures across the stage. Therefore, the stimulation can extensively be improved by
having an accurate technique to map natural fractures along the lateral and quantify that with a
parameter such as fracture intensity and having a tool to correlate that to completion design such
as application of fiber optic DAS data.
The quality of the completion design can be quantified by accurately obtaining the cluster
efficiencies using DAS data obtained from the fiber optic cable installed in the well. Without fiber
optic, the cluster efficiency was used as a fudge factor in history-matching the well production or
pressure behavior. Furthermore, the heterogeneity of the rock, especially in geomechanical
properties and presence of high intensity natural fracture, would impact the cluster efficiencies. In
addition to that issue that impacts completion design efficiency is the interstage communication
between hydraulic fracturing stages. The occurrence of leakage of slurry and proppants after a
stage being plugged reduces the overall productivity of the well. This observation was done by
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analyzing the DAS data on the boggess wells. This project focused on the different scenarios that
could lead to this issue as well as developing a practice that could solve this issue. The possible
leading causes for stage communication were narrowed to the followings: natural fracture
communication, casing erosion, plug failure, weak cement bond. This issue must be raised and
solved in order to improve the well stimulation efficiency and overall benefit of the production
job. The means and methods applied to identify the actual cause of interstage communication are
detailed in this report.

Figure 1: Boggess Well Pad Completion Design Techniques (NETL, 2020)

3 - Project Overview:
This project is to be completed in multiple steps, starting from collecting the data and by
ending it with recommendations for future projects. Figure 2 schematizes the methodology of the
project.
•

DTS data collection: This is done by using the previously collected DAS data, and by
collecting the monthly DTS data from the Boggess well site.

•

Data Preprocessing: The DTS data when collected is in (.TRA) format. It is then converted
into a CSV file using a software called DTS Download, which is then used in the next
section being the data visualization

•

Data Visualization: As the DAS data can be visualized using the previous image logs from
the MSEEL database, the same process is followed with the DTS data. Waterfall maps are
plotted to help visualize the cluster efficiency.
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•

Results, Discussion and Recommendations: The DAS data is being used to obtain a
correlation with fracture intensity. Recommendations will be suggested based on the
conclusion drawn from the results.

Data Collection

Data Preprocessing

Data Visualization

Results & Discussion

Recommendations

Figure 2: Project Anticipated Workflow
Figure 3 represents an anticipated timeline of the project. As of now, the phases such as
literature review, data collection, preprocessing and data visualization are completed. The results,
analysis, discussion, conclusion, recommendations, and field trial are still in progress. One remark
is that the data collection is to be done each month until the end of the project.
May

June

July August September

October

November

December

Literature Review
Data Collection
Preprocessing
Data Visualization
Results
Analysis
Discussion
Conclusion
Recommendations
Field Trial
Figure 3: Project Anticipated Timeline
Fiber optic sensors are monitoring devices that are being used in the oil and gas industry
to improve the quality of completion designs. These sensors generate data along the wellbore based
on sound or temperature, where the notion of Distributed Acoustic Sensing and Distributed
Copyright 2021 Aliou Sylla
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Temperature Sensing are introduced. In addition to DAS and DTS, the slow strain data is also
generated from the fiber optic sensors. The purpose of this project is to use the data collected from
the DAS and DTS from the Boggess 5H and use that for completion design optimizations. The
DAS and DTS data collected is preprocessed before generating waterfall maps for the data
visualization and will be used to obtain a correlation with fracture intensity obtained from acoustic
image logs provided and gas production. In this report, the use of DAS and DTS is further
explained as well as the relationship between fracture intensity and the production.

It is important to understand the technology behind this research topic, which is why the
notion of DAS and DTS are introduced in this section. They are composed of optical fibers that
are installed inside the tubing or outside the casing. The notion of distributed sensing is briefly
defined as a laser pulse sent to optical cables that can transmit light waves, which are directed to
an optical time domain reflectometer at the surface. The laser lights are then sent to a signal
processing unit where the information is gathered whether it is acoustical (DAS) or temperature
(DTS).
This project is part of the MSEEL (Marcellus Shale Energy and Environment Laboratory)
project. MSEEL consisted of two parts, MSEEL 1 and MSEEL 2, and within these two parts came
along the two well pads (MIP and Boggess) (See Boggess pad description above).
The MIP pad consisted of four approximately 6,000 ft long laterals, where the well that stands out
was the 3H well. MIP 3H was divided into five (5) sections (Sections A, B, C, D, E). Section A
was based on a normal geometric design with equally spaced stages with equal amount of sand
pumped. Following that, was section B where some slight adjustments were made such as cluster
counts, perforation hole sizes and sand schedule during pumping. Furthermore, section C was the
engineered section which was derived from the dipole sonic. The clusters were arranged in a way
that they were encountering similar stress zones. In section D, some schlumberger chemicals were
used in the fracking process instead slick water. Finally, Section E was based on the combination
of the best practices found in sections A and B. An example to represent this MSEEL 1 project
was the section B stage 10 (Figure 4).
•

The DTS image log shows the cooling effects on all clusters

•

Three (3) clusters out of five (5) showed signs of success

•

The fracture intensity log showed signs of natural fractures
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•

60% match between predicted and actual breakdown

A second example was based on stage 14 of the fracking job, which was the engineered section,
and seemed to be the most efficient section of the project (Figure 5).
•

The DTS image log shows the cooling effects on all clusters

•

All clusters showed signs of success

•

100% match between predicted and actual breakdown

•

Fracture Intensity log showed the lack of natural fractures
Figure 4: MSEEL MIP Section B Stage 10 (Carr, 2019)
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Figure 5: MSEEL 1 Stage 14 Engineered Section (Carr, 2019)
MSEEL 1’s engineered completion design has shown a 20% increase in production.
However, the project was not conceivable economically.
MSEEL 2 used the advantages learned from MSEEL 1, but it was implemented in a more costeffective way. It consisted of 6 wells with 12,000 ft laterals. Behind-bit memory tools were used
in this project, in addition to an intervention fiber inside the casing on one of the well. The fracking
process was monitored as the job was being executed. Two of the memory tools used were ‘Frac
ID and Drill2Frac’, which were cheaper tools for data recording. The memory tools were used to
store data, which were used for data visualization (Figure 6). These images were used to interpret
the data allowing the engineers to observe which fractures were opened. The engineered design
from MSEEL 2 cost about 10% of the engineered design cost from MSEEL 1.
Fracture intensity is considered as one of the most important factors of this research topic.
It is defined as the number of fractures per foot, or a mapped intensity of natural fracture. The
fracture intensity log helps the engineers estimate the number of natural fractures, which can affect
the overall efficiency of the clusters. As mentioned above, one of the goals of this project is to
find a correlation between DAS and the fracture intensity. In the next few lines, an example of the
DAS-based waterfall map will be described and analyzed in addition to the fracture intensity log
of a selected stage of the Boggess 5H well.
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Figure 6: MSEEL 2 Laterals with Memory Tools Representation (BJ on MSEEL 1&2)
Figure 7 represents the acoustic waterfall map of stage 6 of the Boggess 5H well. The
vertical axis represents the depth while the horizontal axis represents the time. A frequency chart
is also shown from zero (0) the lowest rate to 7000 as the highest rate. The four (4) clusters are
represented by the 4 horizontal lines classified as cluster 1 to cluster 4 from bottom to top.
An observation that can be made is that clusters 2 and 3 are the most productive in this stage as
the frequency is on the higher side from the start to the end of the time segment. Clusters 1 and 4
show a high energy from the start, however the energy is lower towards the end. Another goal of
this project is to assign a percentage of production to each cluster. For instance, if cluster 2 is a
100% opened or productive, then it can be estimated that cluster 3 is approx. 80% opened.
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Figure 7: Boggess 5H Stage 6 DAS Waterfall Map (Silixa, 2020)
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4 - Literature Review:
4.1 - Completion Design Techniques:
The three (3) completion design techniques applied in this study were the followings:
•

Geometric Design: This is the traditional technique used for fracture design. The wells are
spaced using a geometrical approach, without considering any geomechanical properties
such as brittleness or fracability etc. The clusters are set up in a way where they are evenly
distributed.

•

Engineered Design: Also called geomechanical design, this technique focuses on finding
the optimum stage length, number of clusters, and the best locations for the perforations in
each stage. The design technique is based on different logs such as sonic, density, and
porosity logs, which are then used to obtain the geomechanical properties such as Young’s
modulus, Poisson’s ratio etc. (Figure 8). This technique uses longer stage spacing and
more clusters per stage, and the goal is to seek a high Young’s modulus value and a low
Poisson’s ratio.

•

Hybrid Design: According to Fathi et al., the hybrid design uses a combination of frac
sleeves and plug and perf. This design is also a combination of the previous two designs
mentioned.
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Figure 8: Geomechanical Logs (Bohn, Rob et al., 2020)

4.2 - Reservoir Heterogeneity:
The heterogeneity of a reservoir depends on how dispersed its permeability values are. A
homogenous reservoir is a reservoir with a permeability close to zero, while a heterogeneous
reservoir has a permeability of one (Wang, 2013). To evaluate the reservoir heterogeneity, some
geomechanical properties are considered such as Young’s modulus, Poisson’s ratio, reservoir
fracability and brittleness. According to Fathi et al., a high Young’s modulus and a low Poisson’s
ratio is the goal when hydraulically fracturing a zone. This indicates that the formation rock is
brittle, thus slick water can be used to break the rock. Additionally, the landing zone is targeted in
areas where the Young’s modulus is high, the Poisson’s ratio is low, brittle from a fracability
perspective.
•

Young’s Modulus: This is a measurement of stress over strain (Fathi et al., 2019). It can be
referred to as the pressure needed to deform the rock
This property is a factor in calculating the net pressure, which is the energy required for
propagating and creating width during a frac job.
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𝐸 = 𝜎/𝜀𝑥𝑥

(1)

Where 𝜎 is the stress in psi and 𝜀𝑥𝑥 is the strain.
•

Poisson’s Ratio: This property measures the deformation in the material in a direction to
the applied force (Fathi et al., 2019). It ranges between 0.1 and 0.45. A low ratio means
that the rock is easy to fracture, while a high value means the rock is hard to fracture.

𝜈=−

𝜀𝑦 𝑅𝑎𝑑𝑖𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛
=
; 𝐶𝑜𝑟𝑒 𝐴𝑛𝑎𝑙𝑦𝑠𝑖𝑠
𝜀𝑥
𝐴𝑥𝑖𝑎𝑙 𝑠𝑡𝑟𝑎𝑖𝑛

(2)

0.5𝑅𝑣2 − 1
𝜈=
; 𝑆𝑜𝑛𝑖𝑐 𝐿𝑜𝑔
𝑅𝑣2 − 1

(3)

Where Rv is the ratio of shear wave travel time over compression wave travel time in
micro-sec per foot.
•

Brittleness and Fracability: These two properties are important to the hydraulic fracture
design. The brittleness is computed by taking the ratio of Young’s modulus over Poisson’s
ratio, which will indicate whether the rock has a high or low brittleness.

((𝐸𝑠𝑡𝑎𝑡𝑖𝑐 − 1) ∗ 100) + ((
𝐵𝑟𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑠𝑠 = −

𝐹𝑟𝑎𝑐𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑅𝑎𝑡𝑖𝑜 =

𝑣 − 0.4
) ∗ 100)
−0.25

(4)

2

𝜆 𝐼𝑛𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
=
𝜇
𝑅𝑖𝑔𝑖𝑑𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

(5)

Where 𝜆 is used to relate rock’s resistance to fracture dilation and 𝜇 describes the rock’s
resistance to shear failure (Fathi et al., 2019).
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4.3 - Fiber Optics:
Application of Fiber Optics in Completion Design
The oil and gas industry are focusing on improving the data monitoring system to increase
the efficiency of data generation and analysis. This practice calls for the use of fiber optic cables,
which are high-speed data transmission medium containing miniscule glass or plastic filaments
that carry light beams (Christensson, 2021). Fiber optic cables are applied in the estimation of
well completion designs such as the surveillance of perforation cluster efficiency, where the cluster
efficiency is optimized within the horizontal hydraulic fracture operation.
Production Optimization using DAS and DTS
As mentioned above, the oil and gas industry evolved. The industry shifted from vertical
wells to deviated wells, to now horizontal wells, which are now the typical wells used in the
industry. Fiber optic cables are used in what is called ‘smart wells’, which are defined as wells
having remotely operated control devices with some form of data measurement in the completion
string (qtd.in Turner, 2012). The capability of using these cables allows for real-time data
collection of the downhole measurements, from which the data is observed and analyzed for future
design optimizations. This practice introduces the notion of Distributed Acoustic Sensing (DAS)
and Distributed Temperature Sensing (DTS).

Fiber Optical Distributed Sensors
The fiber optic cables are ran onto the laterals allowing data collection without the
limitations of the main bore, which can be equipped with inflow control valves (ICVs) or other
equipment preventing the installation of the fiber optic cables. The fiber optic sensors provide
either acoustic (sound) or temperature data that are distributed in time and space along the wellbore
(Abukhamsin, 2016). In addition, it is possible to install the optical fibers inside the tubing or
outside the casing. The cable being inside the tubing allows for the measurement of the mixing
properties, while the cables being outside the casing allows for the measurement of the properties
at the surface.
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Technology Explained:
This notion of distributed data sensing begins by a laser pulse being sent to the optical
cables. As mentioned in the introduction, the cables are consisted of glass (silica) threads capable
of transmitting light waves. When backscattering occurs, the travelling light waves are changed
due to the acoustic waves (Figure 9). The OTDR (Optical Time-Domain Reflectometer), which is
connected to the end of the fiber optic line at the surface, is where the backscatter laser light goes
through (Figure 10). The laser sends the pulses of laser light to the cable, and on their way back
(backscatter) the laser light ends up in a signal processing unit. The OTDR contains three different
spectral brands that are Rayleigh, Brillouin, and Raman Scattering (Figure 11).

Figure 9: DAS System: Acquisition of Backscattering Light Data (Abukhamsin, 2016)
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Figure 10: Path of the laser Pulse from Surface to Well and from Well to Surface
(Abukhamsin, 2016)

Figure 11: Different Spectrum of Scattered Lights (Abukhamsin, 2016)
The temperature of the optical fiber is derived from the ratio of the anti-stokes and stokes
parts of the Raman light intensities (qtd. in Bohning et al., 1998). In addition, the DTS installation
can measure with precision up to 0.1°C, which can be significant in analyzing temperature changes
in horizontal wells (qtd. in Johannessen et al., 2012).

-

Stokes: they are radiation of particular wavelengths present in the line spectra associated
with fluorescence and the Raman effect (Named after Physicist George Stokes).
(Britannica, 2018)
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-

Anti-Stokes: Shorter wavelength than light that produces them, they are found in
fluorescence and Raman spectra when atoms or molecules of the material are already in an
excited state. (Britannica, 2018)

As the distributed temperature sensing focuses on the Raman intensities, the acoustic amplitude is
completed from the Rayleigh scatter. In this case, the length of a wavelength interval corresponds
to backscatter light. This length depends on the duration of the light pulse. Currently, the finest
spatial resolution achieved is 0.5 m varying with temporal sample frequency (qtd. in MacPhail et
al., 2012).

Notion of Distributed Acoustic Sensing: (Fluid Flow Metering)
This practice evolves around the use of sound to identify the downhole movement of fluids.
According to Abukhamsin, this notion was first suggested by Enright in 1955, which was to use a
listening device and correlate the leak point with a recorded noise. The concept was elaborated by
Mckinley and al. in 1972, where the noise log was utilized as a spectrograph to evaluate amplitude
against frequency. Abukhamsin added that their methods were limited to tracking slow fluid
movements, because the equipment were only capable of recording low frequency ranges.
DAS is an improvement of the older methods as it provides distributed measurements in
time and space. Johanessen and al. applied different techniques to DAS measurements to
characterize flow along the wellbore. From this practice, the acoustic energy along the wellbore
can be analyzed in the space frequency domain, enabling the calculation of speed of sound
(Abukhamsin, 2016). Using DAS, it is possible to detect gas or water breakthrough in an oil
producer by monitoring spatial speed of sound. Furthermore, it was proven that DAS can monitor
the height of the liquid column in the annulus in a gas-lift oil field (qtd. in Paleja et al., 2015).

Notion of Distributed Temperature Sensing:
Data sensing with temperature was introduced by Ramey in 1962, according to
Abukhamsin. The first theories on this notion stated that well entry temperature was equal to
geothermal temperature, which were later contradicted. Carnegie et al., 1998, Chase et al.,2000
Foucault et al., 2004 stated that wellbore entry, in horizontal wells, was not just in function of
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geothermal temperature. Different temperature associated with sections of a well operate under
different drawdown pressure, but at the same depth (Abukhasmin, 2016).
The notion of DTS (Distributed Temperature Sensing) is introduced. Many reservoirs
temperature models have been developed to analyze DTS data. The models are based on
temperature change in the reservoir, assuming that the temperature arriving is equal to the
geothermal temperature. According to Abukhamsin, Ouyang and Belanger (2006) presented an
inverse model to solve for flow rate using DTS, which represents a large part of the completion
design. Wang (2012) used a notion of least square and linear inversion method that were applied
to inner flow rates from DTS data to derive solutions describing the relationship between flow,
pressure, and temperature. The mentioned modeled above were some of the design applications of
DTS.
Distributed Sensing Data Interpretation
DTS and DAS data, after being collected, can be interpreted, and used for stage
communication during fracture treatments, cluster efficiency, and cluster well performance. A
valid interpretation of DTS data is needed to study well fracture behavior due to the current
massive fracture treatments in the industry. Because of the current massive fracturing treatments
and complex fracture networks that are created from fracture stimulation, a fast and robust
interpretation of procedure is essential for the DTS technology to be used practically within the
industry (Zhang and Zhu, 2020). Zhang and Zhu, in their research developed some models called
the forward model to calculate temperature and an inversion algorithm to match the measured
temperature with the forward simulation. The forward model is a series of equations derived based
on the notion of low permeability in unconventional reservoirs yielding a slow pressure and
thermal wave propagation. The model uses a concept of diffusive time of flight to track the
pressure front that has the highest velocity (Zhang and Zhu, 2020). On the other hand, the inversion
algorithm constitutes of three different parts such as initial evaluation, local temperature, and
global re-examination. Figure 12 explains the methodology behind this procedure.
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Figure 12: Inversion Workflow (Zhang and Zhu, 2020)
4.3.2 - Downhole Fiber Optics for Well Diagnostics and Surveillance (NSI Presentation)
In this lecture, Dennis (NSI) introduced the audience to the application of fiber optics in
the oil and gas industry. The reason for using fiber optic monitoring in this field was explained in
addition to its use and some field examples. Multiple operating and production companies use this
monitoring technology to improve their production and completion design. In this lecture, the
comparison of some wells before and after the implementation of the technology was shown in
addition to some real-world examples. Furthermore, the lecture explained in detail the fiber optic
sensors and the different types of sensors in the market. The notion of stokes and anti-stokes was
elaborated. Then, the notion of DAS and DTS was explained and how they applied to some wells
in the industry.
Industry Examples – Before application of Fiber Optics
The presentation started with some industry-related examples that portrayed the amount of
energy and resource wasted. One example was from a Halliburton project (Eagle Ford Well),
where 10 to 14 stages showed interstage communication in addition to the diverter response being
inconsistent before the implementation of fiber optics. Another example that shows the amount of
waste was that the average pumped volume of leakage was about 40-45% per stage.
Industry Examples – After application of Fiber Optics
Dennis then proceeded and showed results after the technology was introduced to the
previous wells mentioned above. For instance, the Eagle Ford Well’s EUR (Estimated Ultimate
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Recovery) value has doubled due to the improvement of the production and the restimulation
process.
Based on these results, these companies estimated that several basins in North America could have
an increase in production by redesigning the “re-fracs” using fiber optic monitoring (Figure 13).

Figure 13: EUR Uplift from Refracs Using Fiber Optic Monitoring by Halliburton (NSI
Technologies, 2021)
These results showed a significant value as they allowed for the understanding of the technology
on the wells as well as the optimization of the well performance. Furthermore, the greatest value
obtained was the gain of knowledge that can be used in newer wells. These learnings could be used
to accomplish the followings:
•

Calibrate Models

•

Reduce Cost

•

Increase Fracture Efficiency

•

Stimulate more Clusters

•

Increase Reservoir Understanding- Greater EUR

Demonstration of Fiber Optic Sensing by Few Companies: BP, Lewis Energy, Conoco
Phillips
Conoco Phillips referred fiber optic monitoring as one of the instruments necessary for well
optimization, when introducing their notion of “Instrumented Wells”. They concluded that
applying learnings from instrumented wells could help design future wells by improving the
completion design as well as well spacing. This approach could increase their resources by 39%,
700 million barrels increase specifically.
BP and Lewis Energy using their notion of Geo-engineered Wells showed approximately
15% uplift for average field type curves, which shows a significant improvement (Figure 14).
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Figure 14: Results Comparison and Type Curves after Optimization Design
Implementation (NSI Technologies, 2021)
Offshore Norway showed that their use of optical temperature gauges saved them
approximately $10 Million, according to Dennis. This was due to the possibility of optimizing the
number of wells needed to be drilled for their recovery process. The technology also allowed for
the company to make savings on operations such as eliminating an injector, replacing their wireline
logging. In addition, they shared the fact that the equipment supplies real time pressure and
temperature rates. Some areas around the globe where optical sensing is being implemented is
shown in figure 15.
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Figure 15: Continents around the world implementing Fiber Optic Sensing (NSI
Technologies, 2021)
Types of Fiber Optic Sensors:
According to Dennis, there are three types of fibers. However only two of them are
described.
•

Multimode (Graded Index): This fiber has a larger diameter that carries more light. The
type of sensing involved is the distributes Temperature Sensing (DTS). It has a 62.5-micron
core.

•

Single Mode (Monomode): This fiber has a smaller diameter and is used for optical sensing
pressure gauge, Distributed Acoustic Sensing (DAS) specifically. It has a 6-micron core.

•

See Figure 16 for reference.
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Figure 16: Different Types of Fiber (NSI Technologies, 2021)
When it comes to sensors, they are classified into two categories:
•

Intrinsic Sensors: Uses a sensing or transduction mechanism that is part of the fiber.

•

Extrinsic Sensors: Uses the optical fiber to carry light to the sensing or transduction
device.

Different types of sensors are described as such:
•

Single Point Sensor: The sensor carries light down to sensing element, which interacts
with its environment. The returning pulse is sent back to surface, which is transformed into
acoustic wave or temperature

•

Multipoint (Quasi-distributed) Sensor: The fiber is composed of thousands of individual
sensors, but they are not distributed. Rather, they are placed approx. 1-2 cm apart according
to Dennis.

•

Distributed Sensor (Typical): The fiber itself is a continuous element. Every single fiber
has a small imperfection and reflection point. The reflection points are composed of
scattered centers. As the fiber reacts with its environment (Temperature change i.e.), the
information is transmitted to surface and is converted into a measurement (temperature or
acoustic wave).

•

See Figure 17 for reference.

•

Figure 18 shows the different types of sensors and their applications
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o For instance, the distributed sensor – temperature uses Raman and Brillouin
methods to measure temperature, where the Brillouin method tends to require a
larger spatial resolution and requires a longer average time.

Figure 17: Types of Sensors (NSI Technologies, 2021)

Figure 18: Types of Sensors and their Different Applications (NSI Technologies, 2021)
Detailed Explanation of the Different Types of Sensors:
For a single point sensor, the glass structure is approx. ¼” long according to Dennis. The
light going through the fiber creates an interference pattern, which is in function of applied pressure
(Figure 19). In addition, another part, called a Brag Grating, is composed of microscopic bands of
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varying index of refraction with an input, reflected, or transmitted spectrum in function of pressure
and wavelength (Figure 20). When a shift occurs, the instrument analyzes the shift and use this to
calculate temperature or strain.
Stokes and Anti-Stokes:
The interactions that occur within the glass structure based on vibration such as the
vibration of molecules are broken down into stokes and anti-stokes. Wavelengths that shift to
smaller wavelength sizes are called anti-stokes, while the ones that shift to larger sizes are called
stokes. The Raman method of anti-stokes component is strongly dependent on temperature and
weakly dependent on strain of fiber. However, Raman method of the stokes component is
insensitive to both strain and temperature. Therefore, the ratio of anti-stokes to stokes is taken,
which becomes a well-defined function of absolute temperature of the fiber. Thus, this system of
work shows that the instrument does not need calibration.

Figure 19: Fiber Optic Sensor Detailed (NSI Technologies, 2021)
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Figure 20: Notion of Brag Grating (NSI Technologies, 2021)

Figure 21: Notion of Stokes and Anti-stokes (NSI Technologies, 2021)
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How They work?
DAS: According to Dennis: Refer to Figure 22.
• It measures the relative strain between two sections of fiber that are separated by a distance
that a light pulse from one sample time to the next
•

The distance dz between sample points is the gauge length

•

If the strain response is to an acoustic wave impinging on the fiber, the resulting
measurement essentially records the acoustic wave

•

If the response is due to a quasi-static (slow) mechanical deformation, it provides the strain
rate, which can be integrated to provide the fiber strain

Figure 22: DAS Fiber Illustrated (NSI Technologies, 2021)
DSS-RFS: (Raleigh Frequency Shift based Distributed Strain Sensing)
• The fiber is composed of multiple points (scattering centers) that represent the fiber
heterogeneity
•

The light enters from left to right and gets scattered off each of the scattering centers

•

The returning pulse is recorded at the surface and the result is integrated over the entire
pulse that comes back (Figure 21)

•

The total energy is given by a formula:
ES (𝑧) = 𝑃(𝑡) ∑ 𝑎𝑒𝑘 ∗ exp (𝑗Φ𝑒𝑘 )

(6)

𝑘

Where:
o ES (𝑧) is the Total Energy of the result obtained from the pulse
o P(t) is the pulse width
•

From there, we can plot the backscatter power against the distance along the fiber to
observe the frequency (Figure 24)
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•

Based on 16 different laser frequencies, the coherent OTDR can be measured, and it can
be represented in terms of frequency and amplitude (Figure 23)
o The frequency shift of a reflection spectrum is observed
o Thus, we can calculate the shift of frequency using the following formulas:
∆𝑉𝑅 = 𝐶𝑅𝜀 ∆𝜀 + 𝐶𝑅𝑇 ∆𝑇

𝐶𝑅𝜀 ≈ −0.1542

𝐺𝐻𝑍
𝐺𝐻𝑍
& 𝐶𝑅𝑇 ≈ −1.379
𝜇𝜀
𝐾

Where:
o ∆𝑉𝑅 represents the frequency shift
o 𝐶𝑅𝜀 ∆𝜀 represents the fiber strain
o 𝐶𝑅𝑇 ∆𝑇 represents the fiber temperature

Figure 23: DSS-RFS Representation (NSI Technologies, 2021)
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Figure 24: Raleigh Frequency Shift based DSS (NSI Technologies, 2021)
Integrated Diagnostics and Surveillance Summarized:
•

The advantage of using fiber optics is that one fiber is placed in the well that can be used
for multiple applications and can be applied over the life of the well.

•

Figure 25 represents the different application of the fiber optics over the lifetime of the
well, from the construction phase to the abandonment

Figure 25: Application of Fiber Optics Over Lifetime of Well (NSI Technologies, 2021)
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4.4 - Fracture Intensity:
Fracture intensity, defined as the number of fractures and their direction per unit volume,
allows for the mapping of natural fractures in the reservoir. Data such as fracture intensity also
helps determine the direction of those natural fractures. This data can be used to generate image
logs, which are methods to determine the orientation, density, as well as the spacing of fractures.
Some common tools used to record borehole wall images are electric tools such as FMI (Formation
Micro-Imager) or FMS (Formation Micro-scanner), and acoustic tools such as CBIL
(circumference borehole imaging logging). The electric tools focus on measuring the micro
resistivity layers with an electrical signal, while the acoustic tools focus on the emission of acoustic
waves on the wall of the hole, by recording the frequency and amplitude of the reflected waves.
This study is based on image logs using acoustic tools.
On the image logs, there are different types of shapes that represent different types of
fractures. According to Khelifa et al., the nomenclature adopted by fractures is based on the
amplitude of the reflected waves, and the continuity of fractures relative to the borehole (Khelifa
et al. 2014). The fractures on image logs are represented by sinusoidal shapes with their amplitude
directly related to the angle. A closed fracture is recognized by the absence of space between the
two edges, while an open fracture is represented by a dark color corresponding to the opening
edges (Figure 26).
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Figure 26: Example of an Acoustic Image Log (Khelifa et al., 2014)

The different types of fractures are as follows (Figure 27):
•

High Amplitude: They are fractures that have high acoustic waves corresponding to
closed fractures or clogged with cement
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•

Low Amplitude: They are fractures that have low acoustic waves

•

Mixed Fractures: They are fractures where the acoustic nature is twofold (Khelifa et al.
2014). In addition, they are described as partially open fractures

•

Continuous Fractures: These are fractures that, whether opened or closed, cover the
entirety of the hole

•

Natural Fractures: As mentioned above, the fracture intensity data is used to determine
natural fractures. They can be opened, closed, or partially opened fractures.

Figure 27: Image Log Representation (Khelifa et al., 2014)

4.5 - High Resolution Vibration Data:
The shape of a wellbore depends on the quality of the drilling job. It is best for the well to
stay free of enlargements and tight spots, which can lead to energy waste. It is also recommended
to avoid vibrations and hole patterns to prevent mechanical failure. Vibration data can be useful in
evaluating the wellbore drilling efficiency. Boualleg et al., Siguira and Jones (qtd in AlBahrani
and Al-Yami) stated that it has been proposed that adjusting the bit design along with other BHA
components will contribute to minimizing the occurrence of hole irregular patterns through the
means of arresting the development of string vibrations. Wears on the bit and drillstring are used
to identify drillstring vibrations (Figure 28).
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Figure 28: Impact on Drillstring and Bit Due to Vibration (AlBahrani and Al-Yami, 2018)
Adding more stiffness to the BHA is typical in the industry in order to decrease vibrations,
however this might not always be the case. The wellbore quality depends on an accurate drillstring
vibration simulation for instability, which is identified by evaluating the geomechanical properties
of the formation. According to AlBahrani and Al-Yami, a low wellbore quality is associated with
low drilling efficiency, as this could lead to a low ROP and issues with hole cleaning.
On another note, high resolution vibration data is collected to contribute to the optimization of
completion designs. It is collected using a tri-axial accelerometer, which is a tool in acoustic
borehole imaging. In addition, this data provides low-cost solution for engineered completion
design. This data could be and has been used to deliver cost effective solutions that integrates large
datasets during MWD and LWD. From the field data measured from a MSEEL well to the
equations derived to determine mechanical specific energy.
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4.6 - Microseismic:
Microseismic data is a real time data collected during reservoir fracturing. This technology
can be used to reveal the geometry of stimulated rock, to estimate the fracturing and stratigraphic
deformation effectively, as well as to evaluate the effectiveness of water fracturing (Juhong, 2016).
This type of data can be used for different purposes:
•

Earthquakes of magnitude 3 or higher were somehow related to oil and gas industry
activities such as disposal of contaminated water in wastewater injection wells, even
though there are no scientific proof to prove this correlation. The oil and gas industry is
heavily regulated on tracking earthquake events using microseismic data, and no
relationship between the oil and gas industry activities and large magnitude earthquakes
has been discovered (Fathi et al. 2019).

•

Creating transverse fractures is a great objective in unconventional shale formations
because of stress directions, production, and economic feasibility (Fathi et al. 2019). To do
this, the stress direction is needed, which is where microseismic data becomes useful.

•

Microseismic data can also be used to map hydraulic fractures and investigate the natural
fracture and hydraulic fracture interactions.

•

This data can also be used to quantify the presence and orientation of natural fractures
around the wellbore

•

Furthermore, it can be used to identify azimuth, fracture height, growth, length, and width

4.7 - Cluster Efficiency:
Unconventional reservoirs are known to be formations that cannot be produced without
horizontal well with hydraulic fracture treatments (Mohamed et al. 2018). One of the main factors
contributing to the success of unconventional reservoirs fracturing is due to the determination of
fracture efficiency. In few words, cluster efficiency is the computation of how much energy did
a cluster received during the fracture stage. Analyzing the distribution of fractures and knowing
how much energy each cluster receives is a main factor in the optimization of completion designs.
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5 - Methodology:
5.1 - Geomechanical Reservoir Properties:
In this study, it was important to analyze the reservoir properties, especially the
geomechanical properties. Knowing that hydraulic fracturing must be performed away from
natural fracture zones, the properties such as brittleness and fracability were used to locate the
natural fracture zones. In addition, synthetic logs were used to analyze the reservoir properties in
areas where logs were necessary, incomplete, or absent.

5.2 - Completion Reports:
Data such as the injection pressure, rate, and time were obtained from the MSEEL database.
For instance, the treatment times were pulled from the post simulation reports, the injection
pressure rates, times, depth were pulled from the one second folder for each well. In addition, the
proppant and slurry concentrations were obtained from the cumulative contribution file, which was
then used to compute the clusters efficiencies.

5.3 - Image Log Analysis:
During this study, image logs such as the fracture intensity log was computed and analyzed
to determine the natural fractures zones. The Marcellus shale is known to be a formation with
numerous natural fractures; therefore, this data must have been studied. The fracture intensity log
provides ways to locate natural fractures. With this notion, the engineers can optimize their
completion designs by performing perforations away from highly natural fracture zones. In this
study, the fracture intensity log was used for the correlation of DAS slow strain and fracture
intensity to support the theory of fracture communication being the cause of interstage
communication.

5.4 - Fiber Optic DAS Analysis:
The distributed acoustic sensing data was obtained from the MSEEL database. For this
section, the study focused on the data from boggess 5H considered as the treatment well, and
boggess well 1H considered as the monitoring well. The cluster efficiency was determined by
normalizing the DAS cumulative distribution and determining the amount of leakage of each stage.
Then the cluster efficiency was plotted against depth, generating the cluster efficiency log.
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5.5 - Fiber Optic Slow Strain:
Similar to the cluster efficiency log, the slow strain data was obtained from the MSEEL
database. This data was plotted with time and depth to help with the data visualization, and to
locate the frac hits locations and times. Furthermore, it was used to correlate with DAS cluster
efficiency as well as the fracture intensity to compare the effect of frac hits from the treatment well
onto the monitor well.

5.6 - Slow Strain and DAS Correlation:
The slow strain data was used to locate the frac hits including their depths and times. These
findings would be compared to the depth and times of clusters, in the appropriate stages, with low
cluster efficiency. This correlation would solidify the theory of hydraulic fracking note being
efficient in high fracture intensity zones.

5.7 - Slow Strain, DAS, Fracture Intensity Correlation:
Following the slow strain and DAS correlation, another factor could be added to the
comparison, which would be the fracture intensity. The higher the fracture intensity, the more
natural fractures in the target zone. These data would be compared, and a conclusion would be
made to support the theory.

5.8 - Cement Bond Logs:
The cement bond logs for the boggess pad were limited to the vertical sections of the wells.
Therefore, no further research was done based on that topic. However, if the CBLs were available,
a thorough study of the logs was to be done to see if any issue related to cement occurred. A
possible scenario would be a weak cement bond somewhere along the pipes. Then, the depth of
the weak cement bond would be compared to the depth of the pipe where casing failure occurred.

5.9 - Erosion Velocity:
The calculation of erosion velocity of the casing was done to evaluate the flow rate through
the pipe. This was done to check if the rate flowing through the pipes did not exceed the limitations
or standards. The steps taken for this calculation are shown in the results section.
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5.10 - Pressure Analysis:
The pressure and pressure derivative were plotted for each stage to help with the
visualization. The pressure plot was to identify whether the pressure rate was too high during the
treatment. The plots for stages with leakage were compared to the ones without leakage.
Furthermore, the pressure derivative was computed and averaged by a series of times (1-min, 5min & 10-min) to help identify any issues related to pressure.

6 - Results and Discussion:
6.1 - Determination of Cluster Efficiency:
The DAS data for well 5H was used to determine the efficiency of clusters. The results from
MSEEL 2 data only showed the waterfall maps of the depth of each cluster of each stage. Some of
the clusters seemed to have accumulated more energy than others, therefore the goal was to come
up with a percentage of energy received for each cluster. The cumulative contribution data from
well 5H was used to perform these calculations. This dataset was composed of the amount of slurry
and proppant injected in each cluster including the amount leaked in the previous stage for all 56
stages (Figure 29).

Figure 29: DAS Cumulative Contribution (Silixa, 2020)
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The amount of slurry and proppant was normalized based of the cluster that received the most
energy. From there, the total amount, including the amount of slurry and proppants, leaked was
calculated for each stage (Figure 30).

Figure 30: Slurry & Proppant Percentage Leaked to Previous Stage
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Now, the actual efficiency of each cluster for each stage was determined, meaning that the amount
of energy in each cluster was known, referring to figure 6 (DAS waterfall map), including the
leakage to the previous stage. The cluster efficiency was plotted against depth resulting to a log
showing the efficiency at each depth of the lateral (Figure 31).

Figure 31: Cluster Efficiency VS Depth

6.2 – Cement Bond Logs:
Cement bond logs for the boggess pad was only recorded for the vertical sections of the
wells. Therefore, the CBL analysis did not get any further. As mentioned in the methodology, the
CBLs were to be analyzed to check for any weak cement bonds along the lateral. This was one of
the physical issues that could result in any defects along the casing, leading to leakage past the
plug. If any weak cement bond were to be found, then the depth where the issue was observed
would be compared to the depth of the casing where failure occurred.
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6.3 - Erosion Velocity:
The calculation of erosion velocity of the casing was done to evaluate the flow rate through
the pipe. This was done to check if the rate flowing through the pipes did not exceed the limitations
or standards.
Further exploration on what could cause interstage communication lead to calculate erosion
velocity of the pipe used as a production casing. The reason for this was to determine whether the
right pipe was selected for the job, meaning checking the flow rate through the pipe if it exceeded
the limitations. This calculation was done using the notes from Lecture 10 of PNGE 450 by Dr.
Fathi, and the production casing information were pulled from the Boggess Pad Well Casing
Document. The production casing was known to be five and half (5.5) inches of size, dropped
down to a depth of 20,881 feet (Figure 32).

Figure 32: Casing Size Document - Erosion Velocity (NNE, 2019)

Copyright 2021 Aliou Sylla

39

Figure 33: Erosion Velocity Calculation
Based on all the parameters listed in figure 28, the erosion velocity was calculated for a 5.5”
production casing. The gas to liquid ratio, liquid per 1000 barrels, and gas/liquid mix density were
first computed before calculating the erosion velocity using the following formula:

𝐸𝑉(

𝑓𝑡
)=
𝑚𝑖𝑛

𝐶

(9)

√ 𝐺
𝐿𝑀𝐷

Where:
•

EV was the erosion velocity in ft/min

•

C was the empirical constant, 125 for intermittent flow per API

•

G/LMD was the gas/liquid mix density ratio

Next, the minimum cross-sectional area based on the calculated erosion velocity was determined,
followed by the actual cross-sectional area of the production casing pipe. The two area were
compared, and with the pipe cross-sectional area being greater than minimum cross-sectional area
required, it was concluded that there no erosion occurred.
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6.4 - Pressure Analysis:
The next topic to check among the different causes of interstage communication was
pressure analysis. During the fracture operations, the pressure changes with time. As observed on
the DAS waterfall maps, some clusters received more energy than others, and activities were
observed past the plug. As this is occurring, from beginning to end of the stage, the pressure is also
changing, including when proppants get injected (Figure 34). The analysis consisted of comparing
the pressure for stages without leaks (stage 3 & stage 31) against stages with leaks (all except 3 &
31). The goal was to analyze the pressure to see if the pressure was excessively high in stages with
leaks compared to the ones without leaks (Figure 35). We can observe on figure 30 that the
pressure gets up to more than 10,000 psi for stages 4 and 5 (leakage) compared to lower pressure
ranges for stages 3 and 31 (no leakage).
Furthermore, the pressure derivative for all stages was determined and plotted in order to
visually observe the change in pressure. This analysis was performed in different time ranges such
as 1-minute, 5-minutes, and 10-minutes. The following figures are examples of pressure derivative
versus time for stage 3 (Figures 36, 37, 38).
The understanding behind this analysis was that the excessive pressure could be the cause
of the leakage in these stages, however no further conclusion could be made from the analysis.
The observations lead to a possible conclusion, but there was no solid proof to confirm this theory.
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Figure 34: Stage 12 - Pressure during Stimulation (Silixa, 2020)
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Figure 35: Pressure vs Time - Stages with and without Leaks
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Figure 36: Pressure Derivative vs Time – 1 min
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5-min Pressure Derivative - Stage 3
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Figure 37: Pressure Derivative vs Time - 5 min
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Figure 38: Pressure Derivative vs Time - 10 min
By evaluating the issue (interstage communication) by performing a pressure, pipe stress
and erosion analyses, the outcomes did not lead to results from which a conclusion could be drawn
from. However, fracture communication was most likely the estimated cause of the issue.
Therefore, the research was shifted towards mapping the natural fracture system in the reservoir.
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6.5 - Fracture Intensity Distribution:
The fracture intensity data was used to determine the distribution of the natural fractures
(Figure 39). One observation made was that the distribution seemed normal for the two stages that
did not undergo any leakage, while the stages with leakages had a skewed distribution (Figures
40 and 41).

Figure 39: Boggess 5H - Stage 3 - Fracture Intensity Distribution
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Figure 40: Stage 31 - No Leakage to Previous Stage

Figure 41: Stage 11 - Leakage to Previous Stage
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6.6 - Correlations:
The boggess pad DAS data shows leakage from multiple stages into preceding ones. Could
this be caused by the fact that hydraulic fracking was performed in natural fracture zones? In other
words, fracking in natural fracture zones weakens the rock, leading to the pressure waves to easily
go through the natural fractures, or transmission.
This study was based on the case where boggess well 5H was considered as the monitoring
well, while well 1H was considered as the treatment well. The process followed in this research
will be applied for the two remaining cases (T9H – M1H and T9H – M5H) in the future. Based
on the DAS data and frac hit summary from Petromar, frac hits were observed in the treatment
well from stages 11 through 16 and stage 56 (Figure 43). The boggess well pad is shown on figure
42, where the wells are space on an average of 750ft.

Figure 42: Boggess Wellpad (Bohn, Rob, et al., 2020)
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Figure 43: Frac Hits Summary (NNE, 2020)
The slow strain data was plotted for the stages highlighted on figure 43. From those stages,
stage 13 was selected as an example to show this process.
Well 5H - Stage 13:
•

Stage length of 117ft

•

Treatment date and time: 08/12/19; 5:25pm - 7:35pm

•

See Table 1 for the depth of the four (4) clusters as well as the average fracture intensity
for those depths
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Table 1: Cluster Depths with their Fracture Intensity
5H-Stage 13
Depth
17121

Cluster 1
Frac Int
0.6

Eff %
51.86

Depth
17085

Cluster 2
Frac Int
0.2

Eff %
80.06

Depth
17044

Cluster 3
Frac Int
0.4

Eff %
88.01

Depth
17004

Cluster 4
Frac Int
0.2

While well 5H was being fracked, the depth of the frac hit on well 1H was 16,820ft. However, the
depth of frac hit on well 5H was recorded to be at 16,762ft. It was observed that when the well 5H
was being fracked, the response on the monitoring well 1H was at a different depth (Figure 44
and 45).

Frac Hit Response

Figure 44: Well 1H - Stage 13 - Frac Hit
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Stage 13 - Fracture Intensity Log
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Figure 45: Well 5H Fracture Intensity Log

The cluster efficiency log was also generated. On this log, the depth of the frac hit was located and
the cluster efficiency was evaluated. A higher the cluster efficiency means that the cluster has
received more energy. On figure 46, the cluster efficiency is on the higher side (approx. 75%).
Referring to figure 47, cluster 1 on stage 13 received the lowest energy. This was expected because
this cluster has a cluster efficiency of 51.86% with a high fracture intensity of 0.6. The higher the
fracture intensity means that there is a high percentage of natural fracture, thus the low energy
received.
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Frac Hit
Location

Figure 46: Cluster Efficiency Log
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Figure 47: Stage 13 - DAS Waterfall Map (Silixa, 2020)
The well survey data was used to plot the boggess wells on a 3D-plot (except 17H) to
help visualize the well pad for the correlation of slow strain and cluster location (Figure 48).

Monitoring
Treatment

Figure 48: Boggess Well Trajectory
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Next, the treatment well 5H survey data was sorted by only selecting the appropriate depths
of each cluster for 5H where frac hit was suspected (Figure 49). Using the slow strain data to
locate the frac hits on the monitoring well 1H, the 1H survey data was then sorted by selecting the
depths at which frac hits have occurred (Figure 50). These data could be uploaded on the well
trajectory plot, so that the cluster and frac hit locations could be visualized. However, this has not
been shown in this report as the work is still in progress. To summarize this process, table 2 and 3
are shown to clarify the process.
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Figure 49: Boggess 5H Well Survey Data with only Cluster Depths of frac Hit Suspected
Stages
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Figure 50: Boggess 1H Well Survey Data with Depths of Stages with Frac Hits
By uploading these data (figure 49, 50) onto the well plot, the clusters locations as well as the frac
hit locations would be visible.
On another note, we wanted to know, if frac hit occurred on 1H, what stage did it correspond to.
Figure 51 shows a summary of stages with frac hits on 1H from well 5H.
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Figure 51: Summary Table of Frac Hit Locations on Well 1H
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7 - Conclusion:
In this study, we integrated the completion design of the wells with the resistivity image
logs, the image logs for fracture intensity identification, fiber optics DAS data for the cluster
efficiencies, and the fiber optic slow strain values for the frac hits visualization on the monitoring
well. This integration was done to have a better understanding of the fractures mapping. This
process resulted in identifying the cause of interstage communication; it has been done for this
first case (T5H – M1H), and it will be done for the other cases where frac hit occurred (T9H –
M1H and T9H – M5H) for the boggess well pad.
This study was based on a new development of a data derivative technique to map the
natural fractures and discontinuities. The data used such as DAS, slow strain, resistivity data to
map natural fractures both locally (around the wellbore), and on a pad scale by correlating all the
monitoring and operating wells. The older techniques would only show the natural fractures close
to the wellbore, while the technique used in this study would shows the natural fractures growing,
approximately 1500ft away from the wellbore. This study used actual data to come up with the
natural fracture mapping instead of hypotheses or statistical analyses. Moreover, this technique
has not been done before, it can be stated that this was the first time underground natural fractures
are being mapped. In addition, this technique is also being used to optimize completion designs.
With better completion designs, the highest cluster efficiency for each of the clusters will be
obtained, which translates to avoiding cluster merging and nonuniform fracture developments.
This technique also protects the other wells from detrimental impacts such as frac hits through
these natural fracture connections. The frac hit or well interference effect is mitigated, and the
efficiency of the completion design is being increased by using the fracture map.

8 - Recommendations:
During the completion design phase, this study can be used to help determine where to
perforate the clusters to have the maximum cluster efficiency, which will lead to have the minimum
cluster merging or frac hit. The clusters should be placed in lower fracture intensity zones, so that
the natural fractures would not merge leading to higher cluster efficiency, and frac hits would not
occur. For future completion designs, the engineers could use this approach on locating high
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natural fracture zones, avoid those zones when perforating, to get the highest possible cluster
efficiencies and effective completion designs.
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